The structures at the Hartree−Fock level, as well as the energetics, are reported for the unsaturated system C36H16, its Si-doped analogue C32Si4H16, and several smaller, unsaturated fragments. Structural effects on the electronic distribution are discussed in terms of a localized orbital energy decomposition. The standard heats of formation are calculated based on homodesmic and isodesmic reactions and the G2(MP2,SVP) method with a valence double-ζ plus polarization basis. The origin of the observed explosion of the all-carbon system (C36H16) to form carbon nanotubes was investigated by exploring a possible initial reactive channel (dimerization), which could lead to the formation of the observed onion-type nanostructures.
Introduction
In this paper, the structure and standard heat of formation of the annulene derivative, C 36 H 16 (1,2:5,6:11,12:15,16-tetrabenzo-3,7,9,13,17,19-hexadehydro[20] annulene) and that of its Sidoped isomer C 32 Si 4 H 16 (1,2:5,6:11,12:15,16-tetrabenzo-3,7,9,13,17,19-hexadehydro-8,9,18,19-tetrasila[20] annulene) are reported. The synthesis and properties of the parent system were reported recently: 1 this system is quite stable and inert to irradiation but readily explodes in a vacuum under mild heating to give pure carbon nanotubes. X-ray diffraction studies and semiempirical MNDO-PM3 calculations suggest a chiral conformation with an isomerization barrier through a planar structure that is only 7.5 kcal mol -1 higher than the ground state. As various experiments suggest, 2 this material may present new opportunities in C or non-C nanostructures.
The current work explores the following: (a) The thermodynamics of the parent molecule was investigated. (b) The structural and thermodynamic effects of partial substitution in the C backbone by Si. Si-doped polymers have been proposed in the literature to interpret Si surfaces. 3 In 1981, the first Sid Si-containing compound was synthesized, 4a the same year that the first SidC-containing species was also isolated. 4b Although Si and C are congeners, Si-or Si-doped two-dimensional polymers still evade detection. Nonetheless, as silicon semiconductors become smaller and smaller, theoretical investigation of Si-doped systems, both small and large, can be very helpful. 5 The readiness with which the all-carbon system transforms into onion-type nanotubes 6 (concentric spherical nanocapsules) may present researchers with a possible pathway to obtain Si-doped nanostructures, once the C 32 Si 4 H 16 parent has been synthesized. (c) A possible reactive channel, dimerization of the parent compound, for the first step in the explosive transformation to nanostructures and a comparison to the "chicken wire" isomer C 36 H 16 is explored.
The present theoretical treatment also presents an evaluation of a reduced computational requirement method for thermochemical predictions. Such predictions on large systems or systems with delocalized electrons often give contradicting results. 7
Computational Details
In the present work, the G2 suite of methods for small reference compounds is combined with homodesmic reactions to estimate heats of formation for the molecules of interest.
The G2 methodology 8 is one of several theoretical chemical models that aim at providing reliable energies (within ∼5 kcal mol -1 ) through a series of ab initio calculations that include correlation. In this procedure, the quadratic configuration interaction energy with single and double excitations and perturbative triples 9 and an extended basis set, QCISD(T)/6-311+G(3df,2p), is approximated through various levels of second-and fourth-order perturbation theory and a variety of increasingly larger basis sets. However, even in this approximation, the calculations soon become impossible for large systems. Therefore, a number of alternative "G2-like" schemes with reduced basis set and level of theory requirements 10 have been devised that appear to give the same level of accuracy but in a more economical manner. The G2(MP2,SVP) 10b theory was chosen for the present work, with a split-valence plus polarization (SVP, 6-31G(d)) basis set employed for the optimizations at the Hartree-Fock level and for the second derivatives of the energy. A second optimization is performed at the MP2-FU//6-31G(d) (full core) level of theory. The final G2(MP2,SVP) energy combines single-point calculations at the MP2 geometries and includes two steps: (I) an MP2 calculation with an extended basis set to obtain the effect of the large basis sets; (II) a quadratic configuration interaction calculation with singles, doubles, and (perturbative) triples (QCISD(T)).
The total G2(MP2, SVP) energy is given by the following formula:
where is the change in the second-order perturbation theory (MP2) energy due to the basis set improvement. The higher level correction (HLC) is computed in the same manner as in the original G2 method, and the zero-point energy (ZPE) correction is evaluated from the Hartree-Fock force fields scaled by 0.893. 11 This procedure has been shown to yield considerable savings in both disk space and CPU time without sacrificing the reliability of the original scheme.
All calculations were performed with the Gaussian94, 12 GAMESS, 13 and ACESII 14 quantum chemistry codes. Homodesmic and Isodesmic Reactions. Homodesmic and isodesmic reactions 15 are schemes that help optimize the cancellation of systematic errors. They are balanced chemical reactions that break a large molecule into smaller fragments, on which high-level calculations are feasible. A homodesmic reaction balances the number and the formal type of the chemical bonds involved, maintaining at the same time the connectivity of atoms and groups. An isodesmic reaction usually preserves only the number of bond types, and hydrogens are used to terminate the fragments. The typical error of the "conventional" G2 procedure 8 for the computed heats of formation is 2-3 kcal mol -1 , which increases with the number of heavy atoms. Raghvachari et al. 14 argued that isodesmic reactions are more reliable for larger systems, as long as G2 energies are used on both sides. In general, the homodesmic scheme is preferable when possible, especially when G2 energies are not available, because the cancellation of errors is more uniform. Experimental heats of formation may also be used for reference molecules in these schemes, to obtain more accurate heats of formation, for target molecules.
For the system C 36H16, the gas-phase standard heat of formation is evaluated using the homodesmic reaction as shown in Figure 1 . For the Si-doped systems, simpler isodesmic reactions are used, because these isomers have a more complicated morphology, as will be shown below. Further details regarding the computation are given in the following sections.
Results
A. Structure, G2(MP2,SVP) Energy, and Heat of Formation of the Primary Fragments. The G2(MP2,SVP) energies for a number of small hydrocarbons and silanes were calculated for use in the appropriate reactions, for the theoretical prediction of their gas-phase standard heats of formation at 298.15 K. Table S1 . Table 1 presents the MP2 geometries for the C/H fragments. The Si-doped fragments seem to be more sensitive to the level of theory as can be evinced from Tables 2 and 3 (see Figure 2 for connectivity of atoms in these systems).
The Si-containing molecules have open-shell ground states. The G2 procedure treats open-shell systems within the unrestricted formulation. We have treated these systems with both 
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unrestricted Hartree-Fock (UHF) and restricted open-shell Hartree-Fock (ROHF) methods, for comparison purposes. Thermochemical predictions for benzene are not as accurate as those for smaller compounds. 10d,16 "Conventional" G2 underestimates the standard heat of formation of benzene by 3.9 kcal mol -1 , while G3 is only in error by -0.6 kcal mol -1 relative to the experimental value. 10d In the current study, the G2 energies were used in combination with the experimental atomization energies to calculate the standard heats of formation. This method gives quite good agreement with experiment for most cases, except for aromatic systems, as can be seen from Table 4 . Diacetylene, benzene, and phenylacetylene were also calculated via the isodesmic reactions proposed by Raghavachari. 16 For example, the following isodesmic reaction can be written for benzene: (16) a Bond lengths are given in angstroms and angles in degrees; numbering system corresponds to Figure 3 . b Min indicates a local minimum on the potential energy surface; TS (imaginary frequency in parentheses) indicates a transition state. This method underestimates the value for benzene by only 1.4 kcal mol -1 at the G2(MP2,SVP) level of computation.
The G2(MP2, SVP) energies of the fragments F3 and F4 (see Figure 1 ) of the homodesmic reaction could not be directly computed, due to linear dependencies caused by the diffuse functions at the E 2p) ] step. In analogy with benzene, the heats of formation of these fragments were therefore computed indirectly using the following isodesmic schemes at the MP2/6-31G(d) level of theory: B. C 36 H 16 . The ground state ( 1 A) of C 36 H 16 has a chiral conformation with D 2 symmetry. MNDO-PM3 1 calculations predict a barrier of 7.5 kcal mol -1 for enantiomerization through a planar D 2h structure. In this work, the planar structure is also predicted to be a transition state, with one very small imaginary frequency of 10.84i cm -1 . The energy difference between the D 2 minimum and the D 2h transition state is calculated to be 7.4 kcal mol -1 at the MP2/6-31G(d) level using RHF geometries, corrected for vibrational zero-point energies by the scaled harmonic Hartree-Fock frequencies. Figure 3 shows a set of selected parameters for these two structures.
Onionlike nanotubes are noncrystalline materials with basic units of graphene layers embedded between clusters of sp 3 -hybridized C. This mixed hybridization of C's is one of their basic characteristics. 6 C 36 H 16 has a graphene-like isomer (tetrabenzo[bc,ef,kl,n,o]coronene, Figure 4 ) which is more stable by 328.0 kcal mol -1 (G2(MP2/SVP standard heats of formation) than its annulenic derivative.
In Figure 4 , the average geometrical parameters of the "graphitic" isomer C 36 H 16 are given, as well as the isodesmic scheme used in the computation of its heat of formation.
C. Si Doping and Structural/Electronic Effects. Given the evasiveness of silicon-containing species with multiple bonds, only four carbon atoms were substituted in the parent molecule, and in such a way that the linear diacetylenic C 4 units have single bonds between Si and Si. Schematically:
Optimization of the silicon system led to a twisted structure as for the all-C species, except that the originally linear Si-C bonds rearranged to form two C 2 Si 2 diamond-shaped rings, due to the instability of the Si-C multiple bonds 17 Table 1 for geometries. 
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As Murrel et al. first pointed out, 18a the isomerization of silaacetylene to :SidCH 2 is substantially exothermic. Hopkinson and Lien 18b discovered that the linear HSiCH is not even a minimum on the potential surface. However, Gordon and Pople 18c and Schaeffer 18d found that a slightly bent structure of silaacetylene is in fact favored. These findings are in accord with the results for C 32 Si 4 H 16 . Three minimums were located on the Hartree-Fock potential energy surface (PES). All structures are stationary points with positive definite Hessians. The triplet was optimized within the restricted open-shell method. The Cartesian coordinates of the optimized geometries can be obtained upon request.
One local minimum is a D 2 1 A state (Figure 5a) . A second local minimum is a C 1 3 A state (Figure 6a ). Since the two structures are considerably different, the singlet state was reoptimized starting from the triplet geometry. This led to a C 1 1 A structure that is lower in energy than D 2 1 A (Figure 7a ). This minimum is more stable by 50.3 kcal mol -1 than the D 2 singlet state and 18.9 kcal mol -1 more stable than the triplet at the MP2/6-31G(d)//HF/6-31G(d) level of theory including zeropoint corrections. The main difference between the D 2 and C 1 structures is the collapse of the C 2 Si 2 ring in the interior of the molecule to form a C 4 Si 4 core. Note, however, that while the (18) 
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central cluster maintains an almost C 2V local symmetry in the case of the triplet state, it adopts a highly asymmetric conformation in the singlet with one dangling bond: Si-51 is connected only to C-48 with an almost double bond (bond order 1.428).
In the case of the triplet, Si-51 is connected to both C-48 and C-47 (Figure 6a ). The standard heat of formation (Table 5) units. This idea was tested by exploring the dimerization of the parent system, as this would provide an estimate of the stability of the simplest oligomer (the dimer) and therefore an indication of the feasibility of such a process. The resulting dimer has a total of 1144 basis functions at the RHF/6-31G(d) level of theory, at which first and numerical second derivatives were computed. To conserve computer time, the symmetry was constrained to D 2 , as in the monomer, resulting in 26 symmetry unique atoms and a total of 104 atoms (72 heavy).
The diacetylenic side units were chosen as the dimerization sites, as can be seen in Figure 8 Because of the strain in the resulting eight-membered ring, the final optimized geometry (D 2 ) acquires the following structure along the periphery of the eight-membered ring:
At the MP2/RHF//(6-31G(d) level of theory, including scaled RHF ZPE corrections, the dimer is lower in energy than two monomer units (C 36 H 16 ) by 37.4 kcal mol -1 . 
Discussion
A. Structures and Relative Energies. Table 1 lists the MP2 structures for the references species. Table 2 lists the optimized geometries of the singlet and triplet states of C 2 Si 2 H 2 at the RHF, ROHF, and UHF levels. Due to the considerable spin contamination (∼10%) and the variation in the equilibrium structures with the point group and level of correlation, and given the importance of the G2 method for thermochemical predictions, a restricted-G2 (R-G2) approach is used here, in which UHF/UMP2 are substituted by ROHF/ROMP2 and QCISD(T) is substituted by CCSD(T).
The system C 2 Si 2 H 2 is a particularly interesting prototype for CVD processes. It is a highly unsaturated system with a number of energetically similar, but structurally diverse isomers. Understanding the bonding in this prototype could be quite important for tailoring Si-doped nanostructures. The slightly negative LUMO eigenvalue and the asymmetric character of the localized orbitals, even though the system itself posseses C 2V symmetry, are indicative of multireference character. A more detailed study of this system will be forthcoming. 22 For now, we note the considerable difference between restricted and unrestricted geometries at both the Hartree-Fock and MP2 levels of theory (Table 2 ). In particular, the D 2h structure is predicted to be a minimum by UMP2 but a transition state by RMP2. Table 3 lists the equilibrium geometrical parameters of the singlet and triplet states of the dimer (C 2 Si 2 H 2 ) 2 at the RHF/ MP2, UHF/UMP2 and ROHF/ROMP2 levels. In this system, the differences in the geometric parameters between the HF restricted and unrestricted methods for the triplet are more pronounced than in the case of the monomer. In particular, the predicted symmetry depends on whether UHF or ROHF is used. For example, the ROHF triplet monomer (Table 2 ) has a C 2V minimum and a D 2h transition state, whereas the D 2h structure is a UHF minimum. Figure 3 summarizes the equilibrium geometric parameters and barrier to isomerization of the all-carbon system. The planar structure is a transition state with one 10.84i cm -1 imaginary frequency and a barrier of 7.4 kcal mol -1 at the MP2 level, including the ZPE corrections. The graphene-like isomer ( Figure  4 ) is more stable than the D 2 isomer by 328 kcal mol -1 at the MP2 + ZPE level.
Figures 5a, 6a, and 7a list the equilibrium geometric parameters for the three Si-substituted isomers of C 32 Si 4 H 16 . Table 6 lists the triplet-singlet splittings for these isomers.
Although the two singlet states are on either side of the triplet energetically, they have essentially the same ionization potential (IP). The presence of Si in the triplet reduces the IP by as much as half the value of the singlet states and is considerably smaller than that of the delocalized graphene structure. The singletsinglet splitting is 50.4 kcal mol -1 .
B. Standard Heats of Formation. The agreement between the calculated heats of formation of the primary fragments and the available experimental data (Table 4) is quite good. For aromatic systems, as observed by others, the direct evaluation of heats of formation from the G2 energy is less accurate than indirect computation via isodesmic reactions where G2 energies are used on both sides of the reaction. The presence of one benzene ring induces a discrepancy of ∼11% from direct evaluation. Use of the appropriate isodesmic scheme reduces this difference to ∼7%.
For the Si-containing species, there are no available experimental data. Si substitution in the fragment species (Table 4) appears to increase the heat of formation of the system by ∼15.0 kcal mol -1 per Si atom.
The calculated heat of formation (Table 5) for the C 36 H 16 annulenic system (which has been synthesized 1 ) is 372.4 kcal mol -1 . For the planar transition state, the value in brackets corresponds to the gas standard heat of formation at 0 K. The "graphitic" isomer has a computed heat of formation of 44.0 kcal mol -1 . As in the smaller Si-substituted systems, the various C 32 Si 4 H 16 isomers show the corresponding increase in the heat of formation ( Table 5 ). Notice that two different isodesmic reactions have been used (R4 and R5) depending on the local conformation of the C 2 Si 2 units. The heat of formation of the higher singlet (D 2 ) climbs to 413.3 and 668.3 kcal mol -1 for the triplet (C 1 ) compared to 372.4 kcal mol -1 . For the lower singlet, no thermochemical prediction was possible since the central cluster of C 4 Si 4 has dangling bonds and would not be well represented by any isodesmic or homodesmic scheme. For the triplet, the computation was done using only ROHF energies. Note that the formation of the >C 4 Si 4 < "core" in this system increases the heat of formation even more. Also, for the C 4 -Si 4 H 4 fragments, the computed heats of formation are more sensitive to the differences between UHF-or ROHF-based methods. This may be due to the larger number of heavy atoms or the structure (cage) of these systems. Unfortunately, there are not enough data in the literature to give some conclusive evidence for either.
C. Localized Orbitals and Localized Charge Distribution (LCD) Energy Decomposition. Figures 5b, 6b and 6c, and 7b and 7c show selected localized molecular orbitals of D 2 singlet, C 1 triplet, and C 1 singlet C 32 Si 4 H 16 . Figure 5b shows the localized orbitals of the four-membered Si 2 C 2 units of the D 2 singlet structure. The orbitals are delocalized over the rings very much as in the individual C 2 Si 2 H 2 units, and therefore, the use of isodesmic reaction R4 is justified. Although the isodesmic scheme R4 is used for the C 1 triplet, the localized orbital picture is quite different. In the annulenic system, Si-49. and Si-51 are the least obstructed sites and carry the lone pairs (Figure 6c ), while C-45 and C-46 (Figure 6b ) carry the unpaired electrons in basically π-type orbitals. In the isolated C 4 Si 4 H 4 , there is no steric hindrance and upon localization the unpaired electrons remain mainly on the Si's rather than the C's. The latter, being more electronegative, carry the lone pairs. Indeed, application of the LCD model of energy decomposition 21 following the localization, confirms that atoms C-45 and C-46 carry one electron each. In the case of C 4 Si 4 H 4 (Figure 2 ), atoms Si-1, Si-2, C-7, and C-8 share one electron (0.25 e -each), and Si-3 and Si-4 share the remaining unpaired electron (0.5 e -each). Apparently, this is a structural effect on the electronic distribution of the molecule. Singlet coupling these unpaired electrons results in the structure shown in Figure 8a , the most stable of all C 32 Si 4 H 16 isomers.
Conclusion
The standard heats of formation of various annulenic systems are calculated at the G2(MP2,SVP) level of theory. The parent molecule of the series, C 36 H 16 , is a rather stable system, which undergoes a dramatic transformation to nanostructures upon mild heating. According to the calculations, its energetic content is10.3 kcal mol -1 /heavy atom. Partial selective substitution by Si atoms lowers this number to 7.5 kcal mol -1 /heavy atom. Therefore, this type of system may represent a possible precursor for Si-doped nanostructures.
The triplet state of the Si-doped annulene has a predicted Koopmans theorem ionization potential that is 50% smaller than those of the singlet states. An interesting potential application of annulenic-type molecules is their use as molecular switches, 23 in the computer chip industry. Fairly small singlet-triplet splittings as in the case of C 32 Si 4 H 16 , or the very low barrier to isomerization between two chiral structures as in the case of C 36 H 16 , suggests that these systems may also be good candidates for such uses.
